This work aimed to remove hexavalent chromium and three treatment schemes were examined based on a laboratory scale design: (a) Fenton process, (b) precipitation process, and (c) Fenton process followed by precipitation process. Variations of this study including pH, Fenton and precipitation reagents (molar ratio of Fe 2þ /H 2 O 2 and FeCl 3 ), contact time, and initial concentration of chromium were investigated. The results showed that about 98% of Cr þ6 is removed by the coagulation property of the Fenton process, and the ideal conditions for its removal included Cr þ6 ¼ 10 mg/L, pH ¼ 4, molar ratio Fe 2þ /H 2 O 2 ¼ 2.4 with a time duration of 30 min. Maximal removal efficiency of Cr þ6 in the precipitation process was equivalent to 97% in the following optimum conditions: Cr þ6 ¼ 5 mg/L, pH ¼ 7, FeCl 3 ¼ 0.7 g/L and deposition time of 20 min. Combination of these two methods can remove greater concentrations of chromium (15 mg/L) to about 99.99%.
INTRODUCTION
The chromium element is seen most commonly in aquatic solutions as Cr þ3 and Cr þ6 . However, the problems caused by chromium in the environment are mostly due to the Cr 6þ ion being one of the most toxic polluters in aquatic environments. This pollutant is present in the wastewater of various industries, such as textile (Rengaraj et al. ) , coal mining, ore leaching (Park et al. ) , plastics and metal plating industries (Rengaraj et al. ) . The amount of chromium differs in industrial wastewater depending on the type of industry. For example, the amount in electronic process wastewater is 10 mg/L (Rengaraj et al. ) . This element causes chronic hepatitis disease, hematological side effects, lung and gastrointestinal cancers, and genetic damage. The US Environmental Protection Agency has also classified Cr þ6 in group A (carcinogenic to humans) (Pontius ) and recommended a maximum level of 0.05 mg/L Cr þ6 for effluent discharge into the environment (Baral & Engelken ) . (Meri et al. ) . Lack of the need for advanced equipment and facilities, and lack of limitations related to mass transfer, are two major advantages of Fenton compared to other advanced oxidation processes (Suthersan ) . Fenton's reagent is a combination of divalent iron salts (ferrous ions) and hydrogen peroxide.
Depending on the operating conditions, such as type of wastewater, ratio of Fe 2þ /H 2 O 2 , and inhibitory substances, any of these reagents may play a more important role in the progression of the reaction under acidic conditions (Neyens & Baeyens ) . During the Fenton process, many colloidal particles are formed. These tiny particles require a long time to settle and it seems to be necessary to use coagulants (Neyens & Baeyens ) . On the other hand, application of a coagulation process alone generates large volumes of sludge and results in high costs for sludge disposal, and its limited ability to reduce and eliminate all toxic materials, metals, and dissolved substances to the desired amount and environmental standards have not been recommended. Furthermore, in the case of some metals, such as Cr 6þ , it is necessary that the degree of metal oxidation is changed by other processes before settling down. The objective of this study was to evaluate the effectiveness of the combined Fenton and precipitation (ferric chloride) process for the treatment of Cr þ6 from synthetic wastewater. During these processes, the effects of various parameters, such as pH, reagent concentrations and precipitation (Fe 2þ , H 2 O 2 , and FeCl 3 ), contact time, and initial concentration of chromium were investigated. 
MATERIALS AND METHODS

Materials
Experimental procedure
Three treatment schemes were examined based on a laboratory scale design: (a) Fenton process, (b) precipitation process, and (c) Fenton process followed by precipitation process.
In order to determine the optimum conditions for the removal of Cr þ6 several experimental parameters were varied during Fenton and precipitation processes. In the Fenton process, effect of changing pH, molar ratio of Fe 2þ /H 2 O 2 , contact time and effects of initial chromium concentration on its elimination from the aqueous solution were studied. For conducting the tests, flasks with 1.5 L capacity covered by aluminum foil were used. In this way, 1 L of synthetic wastewater containing 10 mg/L Cr þ6 , from the combination of CrO 3 and HNO 3 , were obtained. For determining the optimum pH, the pH was set in the range All experiments for the precipitation process were carried out by using a conventional Jar-test apparatus, equipped with six beakers of 1 L volume. Considering the importance of pH in the precipitation process, pH of a solution containing 10 mg/L Cr þ6 was adjusted in the range of 3-11 by adding amounts of NaOH or H 2 SO 4 . Thus, ferric chloride was added to every beaker at a concentration of 0.7 g/L. After performing the Jar-test (60 s with a speed of 200 rpm, 20 min with a rate of 30 rpm, and 60 min deposition time), samples from each beaker were taken and prepared to measure the remaining total chromium. Similarly, in the next phase by using one factor at a time method, effect of FeCl 3 (0.4-1.8 g/L), deposition time (30-90 min), and initial concentration of Cr þ6 (5, 10, 15 mg/L) on the removal efficiency of chromium were studied.
In the final stage, the effectiveness of combined Fenton and precipitation processes in removal of Cr þ6 (in the optimum conditions obtained from each of the Fenton and precipitation processes) was also studied. In order to reduce the errors and increase accuracy, all experiments were repeated at least twice and, finally, a mean was obtained from the data.
Also, the Kruskal-Wallis H test was used in order to find a significant difference (5% level) between the performances of the three methods of Fenton, precipitation, and their combination for the removal of different concentrations of Cr þ6 . 
Analysis of pollutant
RESULTS AND DISCUSSION
Determining the optimal conditions of Fenton for removal of chromium (1)). When ferrous ions are converted into ferric ions, they lose their electron and help in the conversion of dichromate into trivalent chromium (Reactions (2) and (3)):
Effect of initial pH
Another finding of the present study is that by reducing the molar ratio of Fe 2þ /H 2 O 2 (by increasing the amount of hydrogen peroxide), the Cr þ6 removal efficiency decreases.
It is possible that, on one hand, hydrogen peroxide competes with hexavalent chromium for accepting an electron and as a result reduces the ferrous ions present in the solution. On the other hand, excess of hydrogen peroxide leads to the reversible reaction between hexavalent and trivalent chromium (at acidic pH) and reduces the elimination of Cr þ6 . Thus, the trivalent chromium formed reacts with hydrogen peroxide to form the hexavalent chromium (Reaction (4)):
Research by Alaton and co-workers (2007) 
Effect of time and initial concentration of chromium
In order to determine the appropriate time for the removal of Cr þ6 by Fenton's method, several tests were performed in the time period of 15-90 min (Figure 2 ). The obtained result shows that Cr þ6 was removed rapidly during the first 30 min and then it leveled off at further times. Thus, 30 min time was chosen in the later stage as the appropriate reaction time since better removal performance was obtained. Results also showed that by increasing the concentration of Cr þ6 from 10 to 15 mg/L, the percentage removal efficiency of chromium at a molar ratio of Fe 2þ /H 2 O 2 ¼ 2.4 was reduced from 98 to 88% (Figure 3 ). Optimal ratio of These authors also reported that the removal of 12.5 mg/L of chromium at pH ¼ 7.5 and 0.8 g/L of coagulant was equivalent to 74-99%. Also, the results obtained from their research showed that the performance of ferric chloride was better than alum (Song et al. ) . are formed. Since chromium trioxide at neutral pH exists in the form of chromate, the possibility of precipitation of iron chromate is higher than iron dichromate. Therefore, it is important to consider the volume of produced sludge and the hazards of the sediment.
Effect of various concentrations of ferric chloride
However, chromate at alkaline pH and dichromate at acidic pH can also react with chloride ions to form trivalent chromium (Reactions (5) and (6)):
Effect of time and initial concentration of chromium The most effective removal efficiency was found at a duration of 20 min with an initial concentration of chromium equivalent to 5 mg/L; then it leveled off at further times.
Also, the removal efficiency of Cr þ6 decreased from 97 to 77% when the concentration changed from 5 to 15 mg/L. Combined treatment by Fenton process followed by precipitation process
Effects of the combined method of Fenton's oxidation and precipitation on the removal efficiency of different concentrations of Cr þ6 showed that the best removal efficiency of chromium was equivalent to 99.99% at concentrations equal to and less than 15 mg/L (Figure 7) .
The removal efficiency of chromium at optimal conditions of Fenton and precipitation processes separately was about 98 and 97%, respectively. However, results of the Kruskal-Wallis H test at a significance level of 5%, showed a significant difference (5% level) between the performances of the three methods (Fenton, precipitation, and their combination) for the removal of the selected concentrations of Cr þ6 (P value 0.05). In other words, at three concentrations of Cr þ6 , the performance of the combined method was significantly greater than the in the removal of trivalent chromium formed during the Fenton process. Therefore, by using the two methods in an integrated form, both the hexavalent chromium and trivalent chromium are removed.
It should be noted that during the Fenton's process, hexavalent chromium is converted into trivalent chromium.
During the precipitation process also chromium anion with ferric chloride leads to the formation of iron chromate precipitates. However, during the combination of these two methods, initially hexavalent chromium is converted into trivalent chromium and it is trivalent chromium that gets deposited. Therefore, the sludge formed during the integrated process is less toxic.
CONCLUSION
About 98% of Cr þ6 is removed by the Fenton process, and the ideal conditions for its removal included Cr þ6 ¼ 
